Ever since Carl Woese introduced the use of 16S rRNA genes for determining the phylogenetic relationships of prokaryotes, this method has been regarded as the "gold standard" in both microbial phylogeny and ecology studies. However, intragenomic heterogeneity within 16S rRNA genes has been reported in many investigations and is believed to bias the estimation of prokaryotic diversity. In the current study, 2,013 completely sequenced genomes of bacteria and archaea were analyzed and intragenomic heterogeneity was found in 952 genomes (585 species), with 87.5% of the divergence detected being below the 1% level. In particular, some extremophiles (thermophiles and halophiles) were found to harbor highly divergent 16S rRNA genes. Overestimation caused by 16S rRNA gene intragenomic heterogeneity was evaluated at different levels using the full-length and partial 16S rRNA genes usually chosen as targets for pyrosequencing. The result indicates that, at the unique level, full-length 16S rRNA genes can produce an overestimation of as much as 123.7%, while at the 3% level, an overestimation of 12.9% for the V6 region may be introduced. Further analysis showed that intragenomic heterogeneity tends to concentrate in specific positions, with the V1 and V6 regions suffering the most intragenomic heterogeneity and the V4 and V5 regions suffering the least intragenomic heterogeneity in bacteria. This is the most up-to-date overview of the diversity of 16S rRNA genes within prokaryotic genomes. It not only provides general guidance on how much overestimation can be introduced when applying 16S rRNA gene-based methods, due to its intragenomic heterogeneity, but also recommends that, for bacteria, this overestimation be minimized using primers targeting the V4 and V5 regions. F or decades, 16S rRNA genes, which encode the small subunit of rRNA in prokaryotes, have been widely used in taxonomic assignment and phylogenetic relationship determination (1, 2). The specific properties of the 16S rRNA gene, including its ubiquitous distribution, mosaic structure (3), and relative stability (4), qualify it as an optimal choice to fulfill these applications. Although some argue that 16S rRNA genes alone may not be sufficient to identify closely related species (5, 6) and the use of monocopy genes like rpoB to perform similar studies has been proposed (7), 16S rRNA genes are undoubtedly the most widely used molecular markers in microbial ecological studies due to well-maintained databases (8) and their easy accessibility.
F
or decades, 16S rRNA genes, which encode the small subunit of rRNA in prokaryotes, have been widely used in taxonomic assignment and phylogenetic relationship determination (1, 2) . The specific properties of the 16S rRNA gene, including its ubiquitous distribution, mosaic structure (3), and relative stability (4), qualify it as an optimal choice to fulfill these applications. Although some argue that 16S rRNA genes alone may not be sufficient to identify closely related species (5, 6) and the use of monocopy genes like rpoB to perform similar studies has been proposed (7), 16S rRNA genes are undoubtedly the most widely used molecular markers in microbial ecological studies due to well-maintained databases (8) and their easy accessibility.
For many years, researchers have been trying to estimate the microbial diversity of complex environments, such as soil (9) , marine systems (10) , and animal gut systems (11, 12) . Various techniques have been developed, from culture-dependent methods to 16S rRNA genes-based methods of clone library (13, 14) , denaturing gradient gel electrophoresis (DGGE) (15) , terminal restriction fragment length polymorphism (T-RFLP) (16) , and the recently developed next-generation sequencing (17) . However, the question of how diverse an environment can be has still not been precisely answered due to biases introduced from DNA extraction (18) , PCR (19) , or pyrosequencing noise (20) . In addition, the bias caused by intragenomic heterogeneity in 16S rRNA genes has also been gradually realized as more strains of the archaea and bacteria have been reported to harbor multiple and different 16S rRNA gene copies (21, 22) . Although general investigations of intragenomic heterogeneity have been conducted in several cases (6, 7, 23, 24) , those studies were mainly based on limited databases and none of them provided the degree of overestimation of microbial diversity, although Acinas et al. reported an upper bound of roughly 2.5 times (24) . With more and more complete prokaryotic genomes becoming available, it is time to comprehensively study this phenomenon and to predict the overestimation of prokaryotic diversity introduced when using 16S rRNA gene-based methods.
In this study, as many as 2,013 complete genomes from 1,212 unique species were retrieved from up-to-date databases. The pervasiveness of the intragenomic heterogeneity of 16S rRNA genes and the different types of variations were analyzed. Overestimation for prokaryotes was evaluated by focusing on full-length and different regions of 16S rRNA genes under different dissimilarity levels. The per base inter-and intragenomic variation profile was calculated for bacteria and archaea to demonstrate the hot spots that mainly contribute to this overestimation. Finally, the V4 and V5 regions, which showed sufficient intergenomic variation and the least intragenomic heterogeneity, were proposed to be ideal targets for bacteria in 16S rRNA-based analyses.
MATERIALS AND METHODS
Genomes and 16S rRNA gene retrieval. Completely sequenced prokaryotic genomes were downloaded from Complete Microbial Genomes Database of the National Center for Biotechnology Information (NCBI) website (http://ftp.ncbi.nih.gov/genomes/Bacteria/) in June 2012. All 16S rRNA genes of each genome (including plasmids) were searched and retrieved by the stand-alone server RNAmmer (25) running in Linux. Linux scripts were written to batch process multiple genomes. The retrieval of rRNA genes from the genomes of bacteria and archaea was performed using different options embedded in RNAmmer, which has previously displayed an accurate and rapid ability to predict 5S, 16S, and 23S rRNA genes (25) . However, flanking regions of 16S rRNA genes that were mistakenly recognized, which occasionally occurs, were manually corrected and are marked in Table S4 in the supplemental material.
Analysis of 16S rRNA intragenomic heterogeneity. After retrieval, the number of copies of 16S rRNA genes in each genome was recorded. Genomes with continuous ambiguous bases were excluded from this study. Multiple 16S rRNA genes from single genomes were aligned using the MUSCLE program (26) . The level of dissimilarity of sequences (distance) was calculated using the MOTHUR program (27) , with continuous gaps penalized once (onegap option) and end gaps counted. The logic behind this type of penalty is that a gap represents an insertion and it is likely that a gap of any length represents a single insertion (27) . When continuous gaps were penalized by each gap (eachgap option), distances were also calculated since the onegap option can miss large continuous insertions and deletions. Genes showing distances of greater than 1% were further analyzed for types of sequence diversity according to the previous definition (6), with minor changes. A BLAST search was performed for sequences that were inserted into 16S rRNA genes to find their origins.
Calculation of diversity overestimation. Since one species can be represented by multiple entries in the database, data sets were constructed with all 16S rRNA genes from unique species in each data set to avoid overrepresentation of any species. Programs were written and executed to randomly construct 10 data sets, with each data set containing 1,212 different species. Reference data sets were constructed with a sole representative of the 16S rRNA genes sequences from each species. For each data set, 16S rRNA genes were merged into one Fasta file and aligned to a template Greengenes (http://greengenes.lbl.gov/Download/) alignment (including 4,938 bacterial and archaeal sequences) using MOTHUR. Distances were calculated using default settings. Operational taxonomic units (OTUs) were clustered under unique, 3%, 5%, and 10% dissimilarity levels using the furthest neighbor. The degree of overestimation was calculated by comparing OTUs clustered with or without consideration of intragenomic heterogeneity. Given that in microbial ecological studies the recently developed pyrosequencing usually focuses on partial regions of 16S rRNA genes, such as the V1-V3 (28), V3 (29), V4-V5 (30), V5-V6 (31), and V6 regions (32) , 16S rRNA gene sequences were chopped according to published universal primers, as shown in Table 1 , and the degree of overestimation was calculated as described above. A dissimilarity level of 3% was used in further investigation of the overestimation for bacteria, archaea, and dominant phyla.
Per base intragenomic heterogeneity. As intragenomic heterogeneity is genome specific, investigation into per base intragenomic heterogeneity was then calculated by averaging the Shannon information entropy at each nucleotide position of 1,882 bacterial genomes and 129 archaeal genomes. Shannon entropy was calculated as ϪΑp(xi) log 2 p(xi), where p(xi) is the frequency of nucleotide i (A, T, C, G), or the gap character (33) . Because of the significant divergence present between bacteria and archaea 16S rRNA genes, the nucleotide position was determined with reference to the Escherichia coli sequence for bacteria and to the Sulfolobus solfataricus sequence for archaea (34) . The intergenomic per base variation, measured as the information entropy, was calculated from the prealigned Greengenes reference alignment of 4,938 bacteria and archaea species. Linux scripts written by ourselves were executed to perform this calculation.
RESULTS
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rRNA gene data set. In this study, 2,013 complete genomes (130 archaea, 1,883 bacteria) from 1,212 unique species (115 archaea, 1,097 bacteria) were obtained from the NCBI complete genome database. The 16S rRNA genes were successfully retrieved from 2,011 genomes (see Table S1 in the supplemental material), except for the genomes of Chlamydophila psittaci RD1 (NCBI BioProject accession number 162063) in the bacteria domain and Pyrobaculum sp. strain 1860 (NCBI BioProject accession number 82379) in the archaea domain. This may be due to incomplete genome sequencing, although they were claimed to be complete genomes. These 1,212 unique species were from 35 different phyla (see Fig. S1 in the supplemental material), of which the Proteobacteria, with 485 unique species, was the most abundant, followed by the Firmicutes (206 species), Actinobacteria (132 species), Euryarchaeota (78 species), Bacteroidetes (68 species), Crenarchaeota (33 species), Spirochaetes (31 species), and Tenericutes (30 species). The remaining 27 phyla were represented by 149 species.
16S rRNA gene copy number in bacteria and archaea. Copy numbers ranging from 1 to 15 in bacteria and 1 to 4 in archaea were discovered ( Fig. 1 ) and were consistent with previously published statistics obtained using a smaller database (35) . Species with only one 16S rRNA gene copy made up 17% of all species, while species with two copies were the most abundant (23.1%). Nevertheless, the number of species with multiple copies showed a general declining trend as the copy number increased (Fig. 1) . Only 23 species (1.9%) with copy numbers greater than 10 were Intragenomic Heterogeneity of 16S rRNA Genes detected. The average copy number was 3.82 Ϯ 2.61 for bacteria and evidently less for archaea (1.62 Ϯ 0.84). The average copy number for all prokaryotes was 3.61 Ϯ 2.58. The average copy number for each phylum is shown in Fig. 2 . In the bacteria domain, the Firmicutes had an average copy number of 6.01 Ϯ 2.82, which was the most abundant of all phyla, followed by the Fusobacteria at 5.40 Ϯ 1.36. The largest phylum, Proteobacteria, showed an overall average copy number of 3.94 Ϯ 2.62. Further study into this phylum showed that the copy number for the Gammaproteobacteria (5.72 Ϯ 2.86) was significantly higher than that for the other proteobacteria (less than 3 copies). Low copy numbers were generally observed in the Tenericutes (1.6 Ϯ 0.5), Chlamydiae (1.6 Ϯ 0.8), and Acidobacteria (1.3 Ϯ 0.4). In the archaea domain, 81.7% of 115 archaeal species contained only a single copy. Notably, all species from the Crenarchaeota harbored only one copy, and those with four copies were all from the Euryarchaeota. Copy number variation within the same species was detected in 46 species, as shown in Table S2 in the supplemental material. Heterogeneity of 16S rRNA genes within genomes. Heterogeneity of 16S rRNA genes was detected in 952 out of 2,011 genomes (585 out of 1,212 species) from which 16S rRNA genes were successfully retrieved. A majority of the heterogeneity detected was below 1% (833 out of 952 genomes), but for the remaining 119 genomes with intragenomic heterogeneity greater than 1%, classification to a different species using 16S rRNA-based methods may occur. Table S3 in the supplemental material shows detailed information for 952 strains in which intragenomic heterogeneity was detected. From Table S3 , as many as 14 haplotypes were found in some genomes and 16S rRNA gene heterogeneity varied from 0.06% to 9.73% (mean Ϯ standard deviation, 0.51% Ϯ 0.91%). The pseudogene previously reported in Borrelia afzelii, with a high difference of 20.38% (6), was not included in this study, as it is not predicted to be a 16S rRNA gene by RNAmmer. A difference of 11.6% for Thermoanaerobacter tengcongensis was calculated using a different calculation method (24) (eachgap option). The greatest distance calculated was found in Streptococcus suis JS14 (9.7%), and several extremophiles demonstrated high intragenomic variation rates, as shown in Table S4 in the supplemental material, including Halomicrobium mukohataei DSM 12286 (9.29%), Thermoanaerobacter tengcongensis MB4 (6.67%), Haloarcula marismortui ATCC 43049 (5.63%), Haloarcula hispanica ATCC 33960 (5.23%), and Thermoanaerobacter pseudethanolicus ATCC 33223 (2.94%). It is also worth noticing that although archaea generally harbor fewer 16S rRNA gene copies, 26 out of 52 archaea strains with multiple copies with intragenomic heterogeneity were detected.
Since variation in the full-length 16S rRNA sequence of less than 1% or 1.3% is generally accepted to be the threshold for determination of species (36), genomes with divergence in 16S rRNA genes of greater than 1% (calculated using the eachgap option to avoid missing large deletions or insertions) were further analyzed. The types of mutations were classified into the following five categories: intervening sequence (IVS; inserts larger than 10 nucleotides [6] ), deletion, truncation, regional diversity, or random. Among 143 genomes analyzed, as shown in Table S4 in the supplemental material, 19 with IVSs (see Table S5 in the supplemental material), 12 genomes with 16S rRNA gene truncations (see Table S6 in the supplemental material), 16 genomes with regional diversity, and 5 genomes with deletions (see Table S7 in the supplemental material) were detected. The remaining 91 were assigned to the random category, since no regular patterns were discovered.
Although most of the IVSs in the 19 genomes with IVSs were shorter than 300 bp, insertions of greater than 1,000 bp were also detected in 5 different genomes (see Table S5 in the supplemental material). Further investigation indicated that all these large IVSs were the sequences of transposase genes with an imperfect inverted repeat sequence. Intriguingly, 16S rRNA genes with such huge insertions exist only in a single copy, regardless of how many 16S rRNA gene copies that the genome harbors. This is different from the finding for shorter IVSs, which can coexist in multiple copies within a single genome. In addition to IVSs, 16S rRNA genes were also found to be truncated by sequences encoding a protein (6 strains), 23S rRNA (4 strains), or a 16S-23S rRNA intergenic spacer (2 strains). All truncations were detected in only one copy of all 16S rRNA gene copies in each genome. Either end of 16S rRNA genes can be truncated, as shown in Table S6 in the supplemental material. On the other hand, deletions were detected in 5 genomes (see Table S7 in the supplemental material), each within a length of 200 bp. Like truncations, all deletions were found to exist in only one copy of all 16S rRNA gene copies.
Overestimation of OTUs under different dissimilarity levels. It has been reported that the intragenomic heterogeneity of 16S rRNA genes can lead to overestimation of the number of OTUs clustered in 16S rRNA gene-based microbial diversity studies (6, 7, 24, 37) . The results of a deeper and more comprehensive analysis of this issue are shown in Table 2 . At the unique level, an overestimation of 123.7% was introduced when focusing on fulllength 16S rRNA genes (usually generated by cloning and sequencing) and an overestimation of 82.6% was introduced when focusing on the V1-V3 region. The lowest overestimation was seen for the V3 (23.0%) and V6 (20.0%) regions at the unique level. In most studies using a partial 16S rRNA gene sequence, OTUs are usually defined at the 3% dissimilarity level (9, 12, 31) . At this level, the degree of overestimation was the lowest for the V4-V5 region (3.0%) but the greatest for the V6 (12.9%) and V1-V3 (8.9%) regions. A rarefaction curve displaying the degree of overestimation at the unique and 3% levels is shown in Fig. 3 . When dissimilarity levels increased from 3% to 5% and 10%, the lowest degree of overestimation was continuously shown for the V4-V5 region (see Table 2 for detailed information).
When the overestimations for bacteria and archaea were separately investigated at the 3% dissimilarity level, the V4-V5 region undoubtedly exhibited the lowest overestimation in bacteria, but all regions showed similar degrees of overestimation in the archaea (Fig. 4) . It is worth noting that only 129 genomes of archaea were used in this study. Moreover, the Firmicutes and Proteobacteria, which generally have more 16S rRNA gene copies, also had greater degrees of overestimations than phyla with fewer copies, such as the Tenericutes, as shown in Fig. 5 . In contrast, no overestimation was seen in the Crenarchaeota, since all genomes in this phylum contain only one copy of the 16S rRNA gene.
To further study the nucleotide positions that contribute the most to the observed overestimation, the per base intragenomic variation rate and the intergenomic variation rate were calculated for bacteria (Fig. 6 ) and for archaea (Fig. 7) . Interestingly, the per base intragenomic heterogeneity of the 16S rRNA gene tended to concentrate in specific positions ( Fig. 6C and 7C ), and these positions overlap corresponding intergenomic hypervariable regions in Fig. 6B and Fig. 7B . Unlike per base intergenomic variation rates, which varied little among nine hypervariable regions (i.e., they provided equivalent phylogenetic information), intra- Results for levels of dissimilarity of 0.05 and 0.10 are not shown because the relatively small amount of overestimation was hard to distinguish on a rarefaction curve. Solid lines, intragenomic heterogeneity was considered; dashed lines, intragenomic heterogeneity was ruled out. To better display the results, error bars were not plotted.
FIG 4
Degree of overestimation at the 3% level for archaea and bacteria, focusing on full-length and different hypervariable regions. Some error bars are too small to be seen.
genomic variation varied more significantly. In bacteria, the average intragenomic variation rate between different regions differed as much as more than 10-fold (Table 3 ). It is obvious that the V4 and V5 regions suffered the least intragenomic heterogeneity, whereas the V1 and V6 regions suffered the most (Fig. 6B) .
DISCUSSION
The intragenomic heterogeneity of 16S rRNA genes has been recognized in several studies (21, 38, 39) and is believed to cause overestimation of microbial diversity when using 16S rRNA genebased methods (7, 37) . Although many 16S rRNA gene-based methods have been used in microbial ecological studies, few studies have considered the influence of intragenomic heterogeneity.
There are limited studies on the general profile of 16S rRNA gene intragenomic heterogeneity. These were conducted from 55 genomes (23), 81 genomes (24), and 883 genomes (6) . Nevertheless, none of the above-mentioned studies provided a quantitative evaluation for the overestimation, except the study using 81 genomes, in which an upper bound of roughly 2.5-fold was proposed (24) . Our current research with more than 2,000 complete genomes, which is 25 times more than the number used in abovementioned study conducted 10 years ago, has provided an indepth and up-to-date analysis of 16S rRNA gene intragenomic heterogeneity and the overestimation of prokaryotic diversity that it has introduced. The copy number of 16S rRNA genes has been curated in the rrnDB database (http://rrndb.mmg.msu.edu/) since 2001 by Klappenbach et al. (35) ; however, the database does not seem to have been well updated recently. The current rrnDB database contains records for only 1,322 bacteria and 89 archaea, an amount which is 30% less than the amount of our data. Although copy numbers ranging from 1 to 15 in bacteria and 1 to 4 in archaea were reported by Acinas et al. (24) , a clear trend toward a decline in the number of species as 16S rRNA gene copy numbers increase can be seen from the current study (Fig. 1) . There had been a debate over whether the average rRNA operon copy number should be revised up or down as databases become more complete (7) . The reason to revise the number down was the overrepresentation of generalist bacteria among bacteria whose genomes had been sequenced in early studies (24) (generalists usually contain more copies than specialists [40] ). The opposite opinion to revise the number up suggested that earlier studies were biased toward bacteria with specialist lifestyles (such as pathogens and symbionts) (7) . In this study, after analyzing the up-to-date database, we suggest that the average 16S rRNA gene copy number for prokaryotes be revised down from 4.2 (40) or 4.1 (7) to 3.61. This result indicates that generalists were indeed overrepresented in previous databases and newly sequenced genomes are more likely from species of specialists.
In accordance with previous observations (6), extensive heter- ogeneity between 16S rRNA gene sequences within a genome also exists (48.2% of all species), although 87.5% of the divergence detected was below the 1% level. Notably, some extremophiles demonstrated significant high intragenomic heterogeneity, as shown in Table S4 in the supplemental material. This was previously noticed in individual strains like Thermomonospora chromogena (39), Haloarcula marismortui (22) , and Thermobispora bispora (21) . The variations in 16S rRNA genes in these extremophiles may be a strategy to adapt to the environment, with different copies being functional under different environmental conditions. For example, divergent 16S rRNA genes from a halophilic archaeon, Haloarcula marismortui, were shown to be preferentially expressed under different temperature conditions (41) . It was also reported that horizontal transfer of the 16S rRNA gene was predicted on the basis of the close relationship of the 16S rRNA genes between Thermomonospora chromogena and Thermobispora bispora (39) . The detection in the current study of larger numbers of halophiles and thermophiles with great intragenomic variation further suggests that adverse environments may lead to adaptive changes in 16S rRNA genes in these extremophiles. Among the mutation types detected, the insertion of transposase genes into 16S rRNA was found in five genomes, instead of two genomes previously reported (42) . It is not possible for the 16S rRNA gene to remain functional with such a long insertion. Considering that Micrococcus luteus NCTC 2665, Thermus scotoductus SA 01, and Fervidobacterium pennivorans DSM 9078 each have only two 16S rRNA gene copies, including the one with a transposase gene insertion, we assume that some strains with multiple gene copies can still survive when only one of their 16S rRNA genes is functional. However, the relative fitness of these strains may decline when any of the 16S rRNA gene copies is destroyed, as has been experimentally proved in Escherichia coli (43) . Although it is not the theme of this study, the reason why strains harbor multiple rRNA operons within a single genome and how different operons behave have always been interesting issues (41) .
Given the widespread existence of 16S rRNA gene intragenomic heterogeneity, the overestimation of microbial diversity is inevitable when using 16S rRNA gene-based methods. The general probability that a species with significant (Ͼ1%) 16S rRNA gene intragenomic diversity will be encountered is 7.8% (94 in 1,212 unique species), a result greater than the 4.2% identified in a previous report (6) . In microbial ecological studies, the 3% level was most commonly used for defining OTUs and further analysis of pyrosequencing data (29, 44) . Under this dissimilarity level, overestimation was the greatest for the V6 region (12.9%) and the least for the V4-V5 region (3.0%) for all prokaryotes. This suggests that if 1,000 OTUs are clustered at the 3% dissimilarity level using primers targeting the V6 region, approximately 114 OTUs are actually overestimated due to intragenomic heterogeneity.
The hot spots plotted in Fig. 6C and 7C indicate increased intragenomic heterogeneity rated at specific positions. Although Case et al. mentioned that the intragenomic heterogeneity of the 16S rRNA gene was concentrated in some helices of 16S rRNA (7), our results clearly show where and to what degree these hot spots exist. Much previous ecological research has targeted the V6 region because of its relatively short length and because it is rich in phylogenetic information (32, 45) and is more suitable for use with the Illumina technology (46). Youssef et al. previously realized the overestimation in richness when focusing on the V6 region or the V1-V2 region and recommended that the V4, V5-V6, and V6-V7 regions be used in pyrosequencing studies (47) . However, the intragenomic heterogeneity of the 16S rRNA gene was not thought to be one of the causes for the overestimation. Considering the extremely high intragenomic variation rate in V6 regions revealed in bacteria (Fig. 6C) , the V4-V5 region, which has the least intragenomic heterogeneity, is suggested to be used in future studies, particularly for the study of samples in which Firmicutes and Proteobacteria are dominant, like soil and fecal samples. Meanwhile, it is suggested that the V1 and V6 regions not be included in comparative studies, to avoid possible overestimation. For the archaea, however, the currently limited data surprisingly suggested that the V4-V5 region is slightly more intragenomically variable (Fig. 6C) , and different regions showed similar average intragenomic variation rates (Table 2 ). This feature, together with other differences from bacteria (e.g., a more conserved V6 region in archaea; compare Fig. 6B and 7B ), may imply structural and functional differences between bacterial and archaeal 16S rRNA. Future studies will be needed to further reveal the intragenomic variation profile of the archaea domain.
It has to be admitted that all the calculations and conclusions presented above are based on published genomes mainly from culturable microbes and species of ecological or medical significance (7). The actual overestimation estimated in future studies may vary from sample to sample. Nevertheless, the current work is the most up-to-date overview of the diversity of 16S rRNA genes within prokaryotic genomes. It not only provides general guidance on how much overestimation due to intragenomic heterogeneity was introduced when applying 16S rRNA gene-based methods but also recommends that, for bacteria, this overestimation be minimized using primers targeting the V4-V5 region. 
